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Abstract 
The current paper gives an overview of the complexity of solvent development for post combustion CO2 capture. Absorption 
rate, capacity and temperature dependence of equilibria determine energy performance in an optimized process. Degradability may 
sometimes prevent otherwise promising solvents from being utilized at the energetically optimal operating conditions. Cost and 
environmental impact are additional properties that must be fulfilled if a solvent shall be qualified for deployment at industrial 
scale. The paper describes the importance of a stepwise, holistic approach and the access to a range of resources, including 
experimental facilities, advanced analytical methods and pilot plants as important premises. The paper summarizes solvent 
properties in 14 criteria that must be addressed. 
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1. Introduction 
Solvent development is a central part of improving post-combustion CO2 capture technology. The energy 
requirement of the capture process is closely related to solvent properties and optimization of process parameters. The 
energy requirement that can be realized with a given solvent is primarily determined by the main equilibrium constants 
of the system and the reaction kinetics. Post-combustion CO2 absorption is operated as a temperature-swing process. 
The key to having a good energy performance is having solvents where the equilibrium CO2 loading changes 
substantially with temperature. There are, however, a number of other properties that must also be considered when 
determining if a solvent system is an attractive option for CO2 capture at an industrial scale. Among these are solvent 
degradation rates, the corrosivity of the solvent, the solvent viscosity, foaming properties, HSE related properties and 
cost. The current paper is aimed at describing the complexity of solvent development and the necessity of a holistic 
approach in order to qualify solvents for industrial application in post combustion CO2 capture. 
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2. Solvent development 
2.1. First generation solvent systems 
From literature on first generation post combustion solvents, most solvent systems under investigation belong to 
one of the following categories: 
 Two component buffer +promoter systems (activated AMP or MDEA) 
 Single component amine systems with high molecular efficiency (MEA, Piperazine) 
 Amino acid systems using strong base or amine as neutralizing agent (KOH + Glycine) 
 Promoted carbonates (K2CO3+activator) 
 
Two component systems have become vary popular in recent years. The basic principle is to use a tertiary or 
sterically hindered amine, were CO2 is bound as bicarbonate and add a second component to increase absorption rate. 
The second component, notably a carbamate forming primary or secondary amine, is also important for increased 
absorption capacity. The two components are likely to differ in many properties e.g. looking at volatility; the water 
wash system for emission control should be designed for the most volatile component. If a thermal reclaimer is used, 
higher volatility is actually advantageous in order to limit reclaimer temperature. The need for reclaiming may be 
dictated by the component with highest degradability but may lead to additional loss of the more stable component.   
Single component amine systems offer potential advantages, but it may be more challenging to find a component 
with better performance than MEA, meeting a large number of criteria. Pure carbamate formers are not likely to 
provide an energetic advantage, as long as absorption and desorption temperatures are similar. However, highly stable 
amines may tolerate higher desorber temperatures than MEA and it is then possible to realize an energetic advantage 
arising from the fact that equilibrium pressure of CO2 increases more than the vapor pressure of water. 
Systems based upon amino acids activated with strong base offer no volatility as the main feature. Low temperature 
sensitivity of equilibria, thermal degradation and corrosion are often seen as challenges.  
Solvents utilizing inorganic carbonates like K2CO3 have the additional advantage of no degradability for the main 
component, even if activators are essential for acceptable absorption rate. These may be amines or, as recently 
investigated, enzymes like carbonic anhydrase where stability is an important issue. Due to the low temperature 
sensitivity these solvents will require novel process design and special concepts beyond the scope of this paper. 
 
2.2. Energy requirement 
MEA is a well-established solvent for absorption processes. It was earlier used also in natural gas sweetening and 
other high pressure applications of the technology, but was during the 80's replaced by other more energy efficient 
solvents e.g. based upon MDEA. What makes MDEA better than MEA in this case is the ability to load up to higher 
CO2 concentrations, the lower heat of reaction and the nature of the gas/liquid equilibria, allowing for a better 
distribution of driving forces.  
For a post combustion application, things are different; CO2 partial pressures are typically 200-300 times lower and 
solvent regeneration is almost purely by temperature swing. This implies that a low heat of reaction is not necessarily 
favorable. The Gibbs-Helmholtz relation shows why a higher heat of absorption gives a more effective temperature 
swing (Mathias and O'Connell et al, 2012; Svendsen et al. 2011).  
Basically, unless there is a low end pinch in the desorber (Blauwhoff et al, 1985), the total reboiler duty can be 
calculated as the sum of the three terms below: 
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where reacH is the heat of desorption , ρ is the solvent density, CP is specific heat and T is the temperature 
approach in the lean/rich heat exchanger. αrich and αlean is the rich and lean loadings and m is the total amine 
concentration. The minimum stripping steam requirement is given by the ratio of the vapor pressure of water to the 
CO2 equilibrium pressure at desorber temperature.  
The sensible heat is minimized by having a high cyclic capacity and a high molar concentration of amine, as well as 
an efficient rich/lean heat exchanger. Desorption energy requirement, reversion of the chemical reaction binding CO2, 
goes down with low heat of absorption. On the contrary, the stripping steam, required in order to create a driving force 
for desorption, is minimized by having a high heat of absorption so that the equilibrium pressure of CO2 is a strong 
function of temperature.  
These relations exemplify the need for optimization of solvent properties. There are, however, many other 
considerations to be made. Solvent development should go through a number of consecutive steps in order to be 
successful. These are described in the following paragraphs. 
 
2.3. Solvent screening 
Solvent screening should be based upon review and assessment of a large number of potential candidates prior to 
experimental testing. The main chemical reactions of CO2 absorption are well understood. CO2 can be bound as 
bicarbonate or carbamate (Versteeg, Van Dijck et al. 1996; da Silva and Svendsen 2007). The performance of different 
solvents is to a large extent determined by the equilibrium constants for the formation of these species.  
The bicarbonate formation occurs through the following reaction: 
  
CO2 + H2O + NR3 <-> HCO3- + NR3H+       (4) 
 
where NR3 can be any amine component. The carbamate formation has the following reaction: 
 
 CO2 + NHR2 + NR3 <-> NR2CO2- + NR3H+       (5) 
 
where NHR2 can be any primary or secondary amine component.  
A fundamental requirement for any solvent in CO2 capture is a reasonable capacity to bind CO2, this means that 
equilibrium constants for reaction (4) and (5) must be above a certain value. In order to have an efficient temperature 
swing process we require the equilibrium of the system to be sensitive to temperature. This means that the ideal is 
having equilibrium constants for reaction (4) and (5) that have high sensitivity to temperature. In addition to reactivity 
and thermodynamical parameters it is essential that the solvent candidates fulfil certain criteria related to molecular 
weight per reactive site, volatility and HSE properties. 
 
Selected solvent components and solvent systems are tested in a simple bench scale apparatus to assess absorption 
rate and capacity, including ability to respond to a temperature swing (Aronu et al. 2011). Absorption is taking place 
from a gas with 10% CO2 in N2 at 40ºC. When 95% of the equilibrium loading is reached, the solvent is heated to 
80ºC and desorption with N2 starts. The method gives a fast evaluation of solvent potential, relative to other solvents 
with known performance. In addition these experiments reveal possible foaming tendency, precipitation and other 
issues. The method reveals which systems absorb faster than others, and the minimum absorption rate in these tests is 
known through experience with systems tested at pilot scale.  
Figure 1 shows absorption and desorption curves for MEA, AMP and some amino acid based solvents for 
comparison. The results clearly show that the amino acid solvent do not have competitive desorption properties, while 
AMP has low absorption rate but is easily desorbed. The flat part of the desorption curve for AMP is due to the CO2 
analyzer going to peak value.  
Figure 2 shows a plot of absorption rate at lean loading vs. cyclic capacity. It is proven in pilot testing that a 
combination of favorable values for these properties is an absolute requirement for favorable performance in a 
conventional process configuration. 
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Figure 1 (a) Absorption screening curves  (b) Desorption screening curves. 
 
 
 
 
 
 
 
Figure 2   Results from screening experiments plotted as absorption rate at lean loading vs. cyclic capacity. 
2.4. Degradation and corrosion tests 
It is a crucial part of solvent development to perform solvent degradation tests as soon as a solvent has been 
identified as promising in the screening experiments. Degradation is a complex phenomenon which is difficult to 
estimate in new solvents and in solvent blends, where both positive and negative coupling effects may occur. 
Oxidative experiments are performed in the setup described by da Silva et al. (2012). The loaded solvent is sparged 
with a gas blend of air with 2% CO2 for 3 weeks and both total degradation and specific degradation products are 
monitored. Thermal degradation testing is performed in metal cylinders held at 135ºC for 5 weeks (da Silva et al. 
2012). In addition to degradability and degradation products it has been found that monitoring corrosion products (Fe, 
Cr and Ni) during thermal degradation experiments gives essential information on the solvent corrosivity. The latter 
has been experienced through subsequent pilot testing. 
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Until a certain level of solvent degradation is a manageable issue, but high levels of solvent degradation is not 
acceptable for use at an industrial scale. Figure 3 shows results from oxidative and thermal experiments for 5 different 
solvents. These accelerated tests are very much in line with results from pilot testing. The relative difference between 
solvents is the same and the degradation products formed are also similar. It has, however, been shown that thermal 
degradation is less important than oxidative degradation in plant operation (Lepaumier et al. 2010, da Silva et al. 
2012). 
 
 
Figure 3  Thermal and oxidative degradation differ significantly between various amines and blends. 
 
2.5. Characterization and process modeling 
Equilibrium data are the most important characteristic of solvent performance. From the equilibrium data, the real 
absorption capacity is clearly seen in addition to the driving forces attainable in the absorber and desorber. It is also 
possible to calculate heat of absorption and thereby to total energy requirement can be estimated, including the 
required liquid circulation in the subsequent pilot testing. 
 SINTEF/NTNU developed the process modeling and simulation tool CO2SIM (Tobiesen et al. 2011) in order to 
implement solvent systems under development. The simulator is based upon rate based modeling of the absorber and 
desorber and allow for optimization of parameters and process modifications. In addition to the thermodynamic 
models, other properties measured in laboratory and implemented in the model for specific solvent systems include 
reaction kinetics, viscosity, density, thermal conductivity, heat of reaction and specific heat. 
 
2.6. Pilot testing 
Pilot testing of solvents is essential in terms of validating energy numbers, operability and solvent management 
issues. SINTEF/NTNU has designed a pilot plant optimized for high flexibility in terms of flue gas quality and 
operating conditions (Mejdell et al. 2011). The instrumentation is excessive in order to monitor temperature profiles, 
flow rates and other parameters. In addition, the frequent liquid sampling during long term operation allows for 
monitoring of degradation and corrosion. This is combined with emission sampling campaigns to monitor 
performance of water wash and emission reducing systems.  
Operating conditions during pilot campaigns are based upon process simulations in CO2SIM, often based upon 
simple thermodynamic models, that are improved based upon further characterization if the solvent system performs 
acceptable. Further process optimization and flowsheeting options may then be investigated prior to testing at larger 
scale. 
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2.7. Environmental impact 
The awareness of environmental impact of solvents has increased significantly in recent years. It is clear that 
solvents with otherwise promising performance may have challenges due to high volatility. It is expected that 
regulations will require emissions of parent amines to be below 1 ppm. This can be achieved to careful design of the 
water wash system, including multiple stages and emission reducing technologies like acid wash. However, it is still 
very important that solvent volatility is kept low. AMP is one of the most volatile first generation solvents (Nguyen 
and Rochelle, 2011). Special care should be taken when considering amines with higher volatility than this. 
Potential for emission of degradation products first of all requires that all degradation products that may form are 
accounted for, essentially by closing the nitrogen balance. This requires careful development of analytical methods, 
especially LC-MS methods. Ammonia and alkylamines are among the most important degradation products since they 
have a high volatility. Ammonia emissions higher than common stack regulations have been reported from amine 
plants, while alkylamines should be carefully monitored since they are potential nitrosamine and nitramine precursors. 
It is known that secondary amines form stable nitrosamines when exposed to NOx in the absorber (da Silva et al. 
2012). Special care should therefore be taken when working with secondary amines as part of the solvent 
formulations.  
 
3. Summary of solvent properties and criteria 
Development of solvent systems for post combustion CO2 capture require in total 14 criteria to be addressed. These 
are summarized in Table 1 and 2. 
Table 1 gives the most important quantitative criteria based upon kinetics, mass transfer and thermodynamics. 
Several of the criteria in Table 1 are correlated, thus requiring an optimization of properties. Table 2 gives the most 
essential additional requirements that might become hurdles and how these can be mitigated to reduce the number of 
constraints to the system.  
 
Table 1 Criteria based upon kinetics, thermodynamics and mass transfer properties 
Criterion Effects and relationships 
Reaction kinetics (k2) Determines absorber height. Indicates whether it is possible to 
achieve equilibrium in absorber bottom. 
Base strength (pKa) Criterion for reactivity with CO2. pKa is a function of molecular 
structure and distance between NH group and OH/CH3 substituents 
Molecular weight per NH 
functionality 
Indicates carrying capacity for CO2 
Slope of equilibrium curve 
(dpCO2/dα, dpCO2/dT)) 
The shape of the equilibrium curve indicates the driving forces 
attainable in the absorber/desorber. Input to calculation of liquid 
circulation rates. 
Heat of absorption  Calculated from equilibrium data or measured in calorimeter. Used 
in estimation of desorption heat and steam requirement.   
Water solubility/Volatility Indicates volatility and emission potential. 
Viscosity Input to mass and heat transfer rates. 
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Table 2 Criteria based upon HSE and operability 
Criterion Effects and relationships Approach/Mitigation 
Oxidative degradation Solvent losses and emissions of NH3, alkylamines, 
aldehydes and other volatile components  
Oxidative degradation experiments with Fe 
addition. Develop inhibitors. 
Thermal degradation Solvent losses, corrosivity Avoid excessive reboiler temperature.  
Nature of degradation products Volatile degradation products are important w.r.t. 
emission potential 
Detailed analysis of degraded solvent and 
closure of nitrogen balance. 
Nitrosamine formation potential Carcinogenic degradation product. Formed mainly 
with secondary amines. 
Avoid secondary amines or develop 
mitigation options, e.g. nitrosamine 
destruction and reduced NOx exposure.  
Corrosivity Corrosion is closely related to thermal and oxidative 
degradation. 
Avoid aliphatic polyamines and potential 
chelators.  
Cost and availability A full scale capture process requires bulk levels of 
solvent. Novel solvents may have prohibitive cost and 
vary low production volume 
Study possible synthesis routes; establish 
dialogue with chemical suppliers to 
investigate potential economy of production 
volume. 
HSE Chemicals marked toxic should not be considered. 
However, check quality of MSDS.   
Check MSDS. Perform ecotoxicity testing. 
 
4. Conclusions 
Solvent development in post combustion CO2 capture has made significant progress in recent years. It is 
experienced that several criteria must be considered in order to qualify a solvent for deployment. Degradation, 
environmental impact and general solvent management issues may hold showstoppers that limit the use of solvents 
with good thermodynamic and mass transfer properties. In these cases there will be a need for special mitigation 
options. It is, however, important that first generation capture plants are robust and all options must be evaluated with 
the real scale of the capture plant in mind.  
Solvent requires a critical mass in order to cover all aspects. SINTEF and NTNU has worked on solvent 
development for post combustion CO2 capture since 2002 and utilizes the multidisciplinary nature of a large research 
institute to support the chemical engineering required in order to develop functional solvent systems. 
Pilot testing is an absolutely necessary part of solvent development, combined with process modeling and 
simulation. Finally, the collaboration between research, academia and industry is required to develop a solvent concept 
into real application. This is realized in the SOLVit R&D programme, where solvents are developed for application in 
Aker Clean Carbon's post combustion technology. 
These efforts have led to the development of solvent systems with energy requirement <2.7 GJ/t and documentation 
of operability, degradation products and emission control. 
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